We present the development of an optically detected magnetic resonance (ODMR) system, which enables us to perform the ODMR measurements of a single defect in solids at high frequencies and high magnetic fields. Using the high-frequency and high-field ODMR system, we demonstrate 115 GHz continuous-wave and pulsed ODMR measurements of a single nitrogen-vacancy (NV) center in a diamond crystal at the magnetic field of 4.2 Tesla as well as investigation of field dependence (0 − 8 Tesla) of the longitudinal relaxation time (T 1 ) of NV centers in nanodiamonds.
1
A nitrogen-vacancy (NV) center is a paramagnetic color center in diamond with unique electronic, spin, and optical properties including its stable fluorescent (FL) signals 1 and long decoherence time. [2] [3] [4] [5] [6] Moreover, it is possible to initialize the spin states of NV centers by applying optical excitation and to readout the states by measuring the FL intensity. 7 Electron spin resonance (ESR) of a single NV center is observable by measuring changes of the FL intensity, a magnetic resonance technique known as optically detected magnetic resonance (ODMR) spectroscopy. 1 In addition, NV centers are extremely sensitive to their surrounding electron 3, 8, 9 and nuclear spins. 4, 5 Therefore a NV center in diamond is a promising candidate for investigation of fundamental sciences 1,3-7,9-11 and for applications to quantum information processing [12] [13] [14] [15] and magnetic sensing.
16-25
Key motivations for the NV magnetic sensing include the detection of a single spins and improvement of sensitivity of ESR and nuclear magnetic resonance (NMR) spectroscopies to the level of a single spin. For example, detection of a single or a small ensemble of electron and nuclear spins surrounding a NV center has been demonstrated using the double electronelectron resonance (DEER) and electron-nuclear double resonance (ENDOR) spectroscopy of a single NV center at low magnetic fields. 22, [26] [27] [28] [29] In addition, spin relaxometry based on the longitudinal relaxation time (T 1 ) measurement of a single NV center has been employed to detect several electron spins.
30,31
In this article, we present the development of a high-frequency (HF) ODMR system to investigate NV centers in diamond. Similar to NMR spectroscopy, the spectral resolution of ODMR and NV-based magnetic resonance (MR) techniques including DEER and ENDOR is significantly improved at HF, thus highly advantageous in distinguishing target spins from other species (e.g., impurities existing in diamond) for NV-based MR spectroscopy. In addition, HF MR spectroscopy can produce extremely high spin polarization at low temperatures, which improves the signal-to-noise ratio of NV-based MR measurements on ensembles of target electron spins and increases spin coherence of target spins significantly. emitter (Fig. 2b) . Then, the FL intensity was monitored continuously as we applied the external magnetic field from 0 to 10 Tesla. As shown in the inset of Init.=4 µs, RO=Sig.=300 ns, and t M W =500 ns were used in the measurement. (g) The spin echo measurement to determine the spin decoherence time (T 2 ) of the single NV center. The solid line indicates a fit to exp(−(2τ /T 2 ) 3 ). 11 The inset shows the pulse sequence. Init.=4 µs, RO=Sig.=300
ns, π/2=250 ns, and π=600 ns were used in the measurement. τ was varied. The pulse sequence was repeated on the order of 10 6 times to obtain a single point in all measurements. field. The observed full-width at half-maximum was 0.29 mT (8 MHz) which is typical for NV centers in type-Ib diamond crystals. 37 Next, we measured the spin decoherence time (T 2 ) of the single NV center at 4.2022 Tesla. As shown in the inset of Fig. 2g , the applied microwave sequence consists of the spin echo sequence and an additional π/2 pulse that converts the resultant coherence of the NV center into the m S = 0 state. 7 By fitting the observed FL decay to exp((−2τ /T 2 ) 3 ), 11 T 2 of the single NV center was determined as 325±20 ns (see Fig. 2g ).
Finally, using our HF ODMR system, we studied the field dependence of T 1 of NV centers in NDs. The samples we studied here were NV-enhanced type-Ib NDs with the average diameter of 35 nm (Academia Sinica). 38 The NDs were sparsely placed on a coverslip, and identified by performing FL images (e.g., the inset of Fig. 3a for ND1 ) and by observing the LAC signals from the field-dependent FL measurements. Then T 1 relaxation measurements were performed as shown in Fig. 3a . The pulse sequence employed for T 1 measurements is shown in the inset of Fig. 3a . The NV centers in NDs were first prepared in the m S = 0 spin sublevel with the application of the laser initialization pulse, then a dark time interval (T )
was applied with no laser excitation. The final state of the NV centers was determined by measuring the FL intensity of the NV centers with the application of the laser readout pulse.
The FL signal with the laser excitation was used as a reference signal for the normalization.
In order to detect the T 1 relaxations from the m S = 0 state to the thermal equilibrium state, the normalized FL signal was measured as a function of T . As shown in Fig. 3a , an exponential decay of the FL intensity was clearly observed. From a single exponential fit of the FL signal, we obtained T 1 = 72±14 µs. The measured T 1 is 10−100 times shorter than typical T 1 in bulk diamonds (see the inset of Fig. 3a) . 6, 30, 39 The shorter T 1 is often observed in NV centers in NDs and near the diamond surface, and it has been reported that transverse magnetic field fluctuations from paramagnetic impurities located on or nearby the diamond surface provide an additional contribution to T 1 of NV centers. 30, 31, [40] [41] [42] Because the intensity of the fluctuations depends on the difference of the Larmor frequencies between the NV centers and the impurities, 30 the contribution to T 1 will be nearly independent of the strength of magnetic field for the impurities observed in NDs having g-values∼2.
28,43
Moreover, the T 1 measurements were performed at several magnetic fields for two different NDs. As shown in Fig. 3b , we observed similar values of T 1 for both NDs in the range of 0 − 8 Tesla, which supports the T 1 process due to paramagnetic spins. 30, 31, 40, 42 In summary, we presented the development of the HF ODMR system, which enables us to perform the ODMR measurements of a single defect in solids at high frequencies and high magnetic fields. Using the HF ODMR system, we demonstrated cw ODMR, Rabi oscillation, pulsed ODMR, and spin echo measurements of a single NV center in a type-Ib diamond crystal at the microwave frequency of 115 GHz and magnetic field of 4.2 Tesla, and studied T 1 of NV centers in NDs as a function of magnetic field.
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